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Objective: To assess restriction endonuclease analysis (REA) of chromosomal DNA using SaIl enzyme, low-
concentration (0.4%) agarose gels and digitalized data management of the REA patterns obtained for the typing of clinical
Pseudomonas aeruginosa isolates.
Methods: A group of 67 clinical unrelated isolates from 10 Spanish hospitals was used to study the discriminatory
power, reproducibility and typeability of REA typing.
Results: A SaIl REA pattern consisted of a variety (1-10) of restriction bands in the range between 12.2 and 48.5 kb and
an unresolvable smear of low-molecular-weight bands. Forty different Sail REA patterns with an index of discrimination
of 0.979 were obtained. Low typeability (91.04%) was the major limitation of REA typing. Analysis of blinded subcultures
of eight Pseudomonas aeruginosa strains showed the reproducibility of REA typing to be 87.5%. Combined phenotypic
typing (O-serotyping and phage typing) performed on the same group of strains showed comparable discrimination but
much lower reproducibility. Isolates selected from five clusters of nosocomial infections in hospitals in the UK were
typed by REA typing, and the results show high agreement when compared with conventional phenotypic typing
methods in distinguishing between strains.
Conclusions: These data underline the usefulness of REA typing enhanced with digitalized data management for the
epidemiologic subtyping of clinical Pseudomonas aeruginosa isolates.
Key words: REA, Pseudomonas aeruginosa, epidemiology, typing, computer analysis
INTRODUCTION
Pseudomonas aeruginosa is a Gram-negative bacterium
that is ubiquitous in nature and associated with aquatic
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habitats [1,2]. It is a major cause of nosocomial
infections [3-6], sepsis in burn victims [7], and chronic
infections in patients suffering from cystic fibrosis
[2,8-11] .
A number of typing systems have been used to
trace routes of Pseudomonas aeruginosa infections in
hospitals, and include conventional systems such as
serotyping and phage typing [5], and the more recent
methods of DNA analysis. Newer genetic methods,
such as pulsed-field gel electrophoresis (PFGE),
polymerase chain reaction (peR) or ribotyping
[2,3,6,7,12-16], have increased the discrimination of
strains within Pseudomonas aeruginosa. Most of the
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reagents and the necessary equipment are comlTlercially
available, although the degree of technical complexity
is variable. Restriction endonuclease analysis (REA) of
total DNA in low-percent agarose gels is a simple and
rapid genotypic method that has proved to be powerful
for strain differentiation within Pseudomonas aeruginosa
[4]. Visual comparison of complex DNA restriction
patterns limited the potential of analysis of a large
number of strains.
We used new digitalized data management to
improve the analysis of gels of restriction endonuclease
patterns of total DNA of a large number of strains,
assessed the performance criteria (typeability, repro-
ducibility and discriminatory power) of the method
and compared the results with conventional techniques
for the typing of unrelated clinical Pseudomonas
aeruginosa isolates and isolates selected from five clusters
of nosocomial infections.
MATERIALS AND METHODS
Bacterial isolates
A group of 67 Pseudomonas aeruginosa blood isolates was
obtained from different bacteremic patients in 10
hospitals in Spain. Twenty-four clinical and hospital
environmental isolates of Pseudomonas aeruginosa from
five different hospitals in the UK were selected from
isolates submitted to the Laboratory of Hospital
Infection, Central Public Health Laboratory, London.
Eight isolates of Pseudomonas aeruginosa from water
from a routinely surveyed swimming pool were pro-
vided by the Laboratorio de Microbiologia, Delegaci6n
Territorial de Sanidad, Bilbao, Spain.
Serotype and phage typing
The O-serologic typing and phage typing was per-
formed by one of us (M. Latorre) in the Central Public
Health Laboratory, London, as described previously
[5].
Isolation of chromosomal DNA
DNA was isolated from Pseudomonas aeruginosa as
described previously [17], with the following modifica-
tions. Isolates were grown, with shaking, in 20 mL of
tryptose soya broth overnight at 37°C and centrifuged
at 3500 rev/min for 20 min. The cells were lysed with
5 M guanidine isothiocyanate/O.l M EDTA/1.7% (v/v)
sarkosyl 30% (pH 8.0), and 7.5 M ammonium acetate
was added. This was followed by chloroform 2-
pentanol (24: 1 (vIv) extraction and precipitation of the
DNA with isopropanol. After several washings with
70% (v/v) ethanol and drying, in vacuo, the DNA was
redissolved in 100 fll of 10 mM Tris-HClIl mM
disodium-EDTA (pH 8.0).
DNA restriction endonuclease digestion
The DNA concentration was calculated from OD2611
values. The restriction endonucleases SalI, EeoR 1,
BamH 1 and HindIII and corresponding reaction buffers
were obtained from Boehringer Mannheim, Barcelona,
Spain. Reaction mixtures consisted of 4 flg of DNA
and 25 U of enzyme in a total volume of 50 flL. The
reaction was incubated at 37°C for 3 h.
Agarose gel electrophoresis
The digested DNA was subjected to horizontal electro-
phoresis in 0.4% agarose gels (Bio-Rad Laboratories,
Madrid, Spain) in 89 mM Tris/l mM disodium-
EDTA/89 mM boric acid (pH 8.3) for 13 h at 1.5
V/ cm at room temperature. High-molecular-weight
DNA markers (Gibco BRL, Madrid, Spain) were used
as molecular mass standards. Gels were stained with
ethidium bromide (1 flg/mL (w/v) for 1 h and photo-
graphed under UV light.
Digitalized data management
Images of gels were captured by a scanner ScanJet
IICX (Hewlett Packard, USA) at 400 dots per inch of
resolution and saved in a TIFF format. The gels were
analyzed with the software GelCompar (Applied Maths,
Kortrijk, Belgium), running in a 486DX4, 100-MHz
personal computer. After conversion and normalization
of the tracks, the DNA restriction patterns were saved
on a database and the similarities ofband patterns were
compared using the Jaccard coefficient [18]. A different
DNA profile was defined as one that had one or
more band differences in the range between 12.2
and 48.5 kb, allowing ± 5% tolerance on the band
position.
Typeability, discriminatory power and reproducibility
The typeability of the methods was calculated as the
proportion of strains that were assigned a type by the
typing system. The discriminatory power, which was
the average probability that the typing system will
assign a different type to two unrelated strains randomly
sampled, was calculated using the Simpson index of
diversity (DI) [19]. The reproducibility was defined as
the ability of a typing system to assign the same type to
a strain tested using independent separate assays.
Concordance of typing systems
A combination of O-serotyping and phage typing
results was used to code the Pseudomonas aeruginosa
strains involved in five clusters ofnosocomial infections
in hospitals in the UK. The concordance between
typing systems was expressed as the agreement of the
combined typing with restriction endonuclease analysis
typing in distinguishing between strains.
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RESULTS
The values of typeability, reproducibility, discrimina-
tory power and number of types obtained by the
different methods of typing, when analyzing 67 non-
related clinical Pseudomonas aeruginosa isolates, are
shown in Table 1. O-Serotyping showed excellent
reproducibility after repeating experiments, although
the typeability of the method was relatively low
(83.58%), due to non-typeable and polyagglutinating
strains. Serotyping subdivided the strains into 10
serotypes and obtained an index of discrimination of
0.8828. Phage typing shows that the reproducibility
was the major limitation of the method, with only
40.3% of the strains showed identical phage type after
repeated testing. The combination ofO-serotyping and
phage typing increased the discrimination index and
the number of types, but reproducibility remained poor.
In order to select restriction endonucleases giving
discrimination between isolates, restriction fragment
Table 1 Values of typeability, reproducibility, index of discrimination, and number of types obtained by the typing methods
when analyzing a group of 67 clinical isolates of Pseudomonas aeruginosa recovered from different patients in 10 hospitals in
Spain
Typing method Typeability Reproducibility Index of discrimination No. of types
(%) (%)
a-Serotype 83.58' 100 0.8828 10
Phage type 86.57 40.30 0.9657 38b
a-Serotype + phage type 98.51 c 40.30 0.9884 48
REA 91.04 87.5 0.9790 40
'One strain was non-typeable and 10 were polyagglutinating. bAllowing one different lytic reaction to indicate different phage type.
Cane strain was non-typeable by both a-serotype and phage type.
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Figure 1 Restriction endonuclease Sail digest patterns of DNA from 10 unrelated clinical Pseudomonas aerugi1wsa strains.
Lanes 1 and 12, molecular weight marker (8.3-48.5 kb); lanes 2-4, strains PsO-044, PsO-046 and PsO-048 isolated from
patients in Seville; lanes Sand 6, strains PsO-OS5 and PsO-OS9 isolated from patients in Bilbao; lanes 7-11, strains PsO-061,
PsO-063, PsO-064, PsO-065 and PsO-066 isolated from patients in Madrid. Strains PsO-063 and PsO-065, although
isolated from unrelated patients, show identical REA patterns and were also indistinguishables by serotype and phage type.
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length polymorphism analysis was initially performed
on a limited number of strains with the following
enzymes: Sail, EcoR1, BamH1 and HindII!. The latter
three enzymes yielded a smear of unresolvable DNA
fragments and were not used further in the study. The
Sail enzyme showed considerable diversity in resolvable
high-molecular-weight (HMW) fragments in the range
between 12.2 and 48.5 kb. The patterns comprised
1-10 bands above unresolvable lower-molecular-mass
fragments. Restriction endonuclease patterns of most
strains were visually distinguishable by discrete, well-
resolved HMW bands (Figure 1). Nevertheless, DNA
from six strains lacked resolvable HMW bands and was
termed non-typeable. The REA method therefore gave
a typeability of 91.04% (Table 1). On the basis of
computerized gel analysis of REA patterns allocated in
eight different gels, a total of 40 distinct DNA patterns
or types was recorded for the typeable strains. Seven-
teen types comprised two to four strains and the
remaining 23 strains each showed unique patterns; the
index of discrimination was calculated as 0.979. In the
study of reproducibility, the extraction of DNA and
digestion with Sail endonuclease of eight pairs of
blinded duplicates of water isolates was performed on
the same day. Seven of the eight pairs of duplicates gave
identical REA patterns (87.5% reproducibility) and the
remaining pair were linked at 80% similarity when
applying the Jacard coefficient.
In order to evaluate REA typing of Pseudomonas
aeruginosa for epidemiologic purposes in local out-
breaks, we investigated isolates fi'om five separate
hospitals where clusters of nosocomial infection occur-
red. A cluster of nosocomial infection comprised four
or five isolates recovered from patients or environ-
mental sources (Table 2). All isolates were typed first by
o serotype and phage type, and the distinct strains
in each cluster were assigned a roman numeral. By
the combined typing methods, isolates from the same
cluster were considered representatives of a single
strain if they had the same 0 serotype reactions and did
not differ by two or more major reactions in phage
sensitivity pattern. In cluster 1, three environmental
Table 2 Correlation of combined serotype and phage type with restriction endonuclease analysis of total DNA in
distinguishing strains of Pseudomonas aeruginosa from five clusters of nosocomial infection in hospitals in the UK
Patient
Cluster no. Iso\. source Serotype Phage type Code' REA type Agreement"
Throat swab 10 21,31 I A +
Environmental 11 NT" II B +
Environmental 3 7,21,24,31,44,68,119X,1214,M4 III C +
Environmental 3 7,21,24,31,44,68,119X,1214,M4 III C +
Environmental 3 7,21,24,31,44,68,119X,1214,M4 III C +
2 1 Throat swab 6 7,68 I A +
2 Throat swab 6 7,68 I A +
3 Throat swab 6 7,68 I A +
Environmental 11 44,F8,109,1214 II B +
4 Urine 4 NT III C +
3 1 Ear swab 4 68,119X I A +
2 Throat swab 1 68,109,352 II B +
3 Throat swab 1 68,109,352 II B +
4 Urine 9 NT III C +
4 1 Nasal swab 6 7,24,31,F7,119X,M4,CoI.11,188/1 I A
2 Ear swab 6 7,24,31 ,F7,119X,M4,Co\.11,188/1 I B
3 Throat swab 11 24,31,44 II C +
4 Nasal swab 11 24,31,44 II C +
5 Not determined 1 7 III D +
5 1 Urine 6 7,16,21,24,31,44,68,109,119x,1214 I A
2 Urine 3 7,44,68,F8,109,119x,352,1214,CoI.11 II A
3 Urine 3 7,44,68,F8,109,119x,352,1214,Co\.11 II B +
4 Urine 3 7,44,68,F8,109,119x,352,1214,Co\.11 II B +
5 Urine 12 NT III C +
'Strain code allocated from combined results of serology and phage susceptibility. bAgreement of conventional typing methods with REA
typing in distinguishing between strains: +, agreement; -, no agreement. 'NT, not typeable.
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isolates showed identical serotype and phage type,
with an indistinguishable REA pattern clearly distinct
from the clinical isolate. Cross-infection episodes were
detected in clusters 2, 3, 4 (with two cross-infections)
and 5. For REA typing, isolates which differed by one
or more HMW bands in the restriction fragment
patterns in each cluster were designated distinct strains
and assigned a capital letter. REA typing agreed with
conventional typing in detecting strains in cluster 1 and
cross-infections in clusters 2 and 3. Discrepancies were
located in clusters 4 and 5; the combined typing
detecting two cross-infections and REA typing only
one in cluster 4, while the combined typing detected
one and REA typing two in cluster 5.
DISCUSSION
Investigations of the nosocomial epidemiology of
Pseudomonas aeruginosa have long been hampered by the
inadequate discriminatory capacity and low repro-
ducibility of commonly applied phenotypic markers,
such as those used in serotyping, phage typing and
bacteriocin typing [5J. With the advent of DNA-
based techniques, inherently stable bacterial markers
have become available, and methods such as PFGE,
restriction fragment length polymorphism (RFLP) by
gene probing and arbitrary primed polymerase chain
reactions (AP-PCR) have improved the subtyping of
Pseudomonas aeruginosa strains [15]. Gene probes are not
commercially available, and the necessary equipment to
perform some of the genetic methods may be too
expensive or too specialized for routine use by clinical
laboratories [4]. REA of chromosomal DNA is a
simple, sensitive and reproducible method for demon-
strating genetic dissimilarities between strains in a
large variety of species [20]. Loutit and Tompkins [21)
showed that RFLP detected with SaLI and Smal
enzymes could differentiate Pseudomonas aeruginosa
isolates from cystic fIbrosis patients. Maher et al. [4),
using Sail endonuclease and agarose concentrations of
gels between 0.3% and 0.6%, also showed the usefulness
of REA for fingerprinting clinical isolates of Pseudo-
monas aeruginosa.
Comparison of REA patterns was relatively
straightforward when all isolates were accommodated
on the same gel. However, difficulties arose in the visual
comparison ofpatterns on different gels and the analysis
of large numbers of isolates. Even in the most
reproducible conditions, discrepancies are observed
between and even within gels. Visually, it is often easy
to compensate for distortions between similar patterns.
The human brain is known to have an intelligent
pattern recognition system, but when less similar
patterns are to be compared, particularly on different
gels, alignment by eye becomes ambiguous and may
result in subjective or faulty interpretations. To solve
this problem a digitalized data management is required
[15], and there is now a variety of commercially
available software packages that allow the comparison
of electrophoretic patterns allocated on different gels.
We improved gel analysis of REA by the use of
software for analysis oflarge numbers of electrophoretic
patterns that, using different coefficients and cluster
analysis, allows comparison of the similarities ofpatterns
located on different gels, and designed a study with a
large number of epidemiologically unrelated clinical
isolates from 10 hospitals, isolates from fIve clusters of
nosocomial infections, and isolates from environmental
sources, to determine the performance criteria ofREA
typing and to make comparisons with the data obtained
from conventional combined typing data (O-sero-
typing and phage typing).
GelCompar software is designed to mark different
tracks on electrophoretic images, and normalizes the
distortion bet\veen similar patterns, calculates the
densitometric curves, extracts the 'gel strips' for each
pattern and provides the patterns with descriptive
information. This information is used for numerical
comparison between organisms using different similarity
coeffIcients and clustering algorithms. In this stLIdy,
after gel normalization, we had to check the automatic
band assignation made by the software, because some
spots or artifacts on the original REA image were
wrongly recorded as bands. Also, we established in 5%
the position tolerance of bands (the maximal shift
allowed between bands on different tracks). Once we
solved these problems, GelCompar allowed us to make
a database with all the different profiles and to make
comparisons between the strains.
Hunter and Gaston [19] proposed an index of
discrimination that is the probability that two unrelated
isolates sampled from a population will belong to two
different typing groups. We assumed, as have other
authors [14], that the discriminatory power of a typing
method required for epidemiologic purposes should be
0.95 or higher. When unrelated clinical isolates were
analyzed, 40 different REA patterns and a discrimina-
tion index of 0.979 were obtained, which compares
well with the data obtained with the combination of
conventional phenotypic data (0 serology and phage
susceptibility) and that obtained by other authors with
more sophisticated genetic techniques [12,14,15,22).
Using REA typing we showed marked genetic hetero-
geneity and diverse patterns with a single enzyme, in
contrast with methods such as ribotyping where the
combination of up to four restriction endonucleases
was required for optimal discrimination [14,22].
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Although we obtained a smear of lower-molecular-
mass bands in the restriction patterns of all strains, it
was difficult for the software to interpret patterns
lacking HMW bands, as occurred with six REA
patterns. We therefore considered these isolates as being
non-typeable. We found this relatively low typeability
(91.04%) to be a principal limitation ofREA typing, in
contrast to the almost complete typeability of some
other genotyping methods [8,14,15].
The critical evaluation of the reproducibility of a
method must be based on repetitive testing of blinded
duplicate isolates (9,14]. We studied blinded sub-
cultures of eight strains and found that 87.5% of results
were identical. The discrepancies were located in one
pair of duplicates that showed only 80% similarity in
REA pattern, although partial enzymatic digestion of
DNA was observed. Nevertheless, Loutit and Tompkins
found the REA patterns of various isolates to be stable
over an 8-year period, despite variations in phenotype
[21].
An important factor in the critical evaluation of a
method is the concordance with well-established
reference typing methods [12,17]. The conventional
reference method for the phenotypic characterization
ofPseudomonas aeruginosa is a combination ofserotyping
and phage typing [5]. Both techniques have major
limitations. The 0 serotype of strains, with the
exception of those from cystic fibrosis, is reproducible,
but the uneven distribution in few serotypes in clinical
samples makes the method poorly discriminating.
Phage typing, on the other hand, is highly discrimina-
ting but poorly reproducible, and the latter is taken into
account by the use of a reaction-difference rule (a
difference of two or more major reactions in lytic
pattern is needed before strains can be distinguished).
We found high concordance and agreement in the
analysis of five clusters of nosocomial infections by
combined O-serotyping and phage typing and REA
typing. However, some discrepancies were noted in
two incidents of nosocomial infection (clusters 4 and
5). Cluster 4 involved five neonates in a special care
neonatal unit where Pseudomonas aeruginosa cross-
infection was suspected. Two episodes ofcross-infection
were detected by conventional typing and one was
confirmed by REA. Cluster 5 involved five patients in
a surgical ward and cross-infection was suspected, with
the isolation of Pseudomonas aeruginosa in urine. 0-
serotyping and phage typing indicated cross-infection
in three patients, but by REA typing two distinct strains
were recognized. The low reproducihility of phage
typing could explain the discrepancies found in sensi-
tivity for detecting cross-infections when compared
with REA typing. Furthermore, phage typing is usually
performed only in reference laboratories, slowing the
availability of results for the control ofloeal nosocomial
outbreaks.
In conclusion, the critical evaluation of dis-
crimination, typeability and reproducibility, and the
concordance of results between conventional typing
methods and REA typing, showed that the latter is
an efficient tool for discriminating between strains,
particularly when analysis is enhanced by digitalized
data management. These features, combined with the
simplicity and speed of the technique, make it a useful
aid for the study of incidents of nosocomial infections
caused by Pseudomonas aeruginosa.
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